Background. Group A Streptococcus (GAS) M protein is an important virulence factor and
Introduction
Amongst bacterial pathogens afflicting humans, group A streptococcus (GAS) is a leading cause of global morbidity and mortality [1] . Colonisation of the respiratory tract or skin by this organism can lead to diseases that manifest in different body sites, and require different modalities of treatment. Of these, Rheumatic Heart Disease (RHD) and serious streptococcal invasive diseases are associated with the greatest global mortality. Much of the GAS associated mortality occurs in low income regions and populations [2] .
The M protein is a fibrillar coiled-coil dimer that extends from the bacterial cell wall, and is considered an archetypal Gram-positive surface protein [3] . The M protein is a key virulence factor and major target for GAS vaccine development. M protein inhibits phagocytosis of GAS in the absence of opsonising antibodies, promotes adherence to human epithelial cells and helps the bacterium overcome innate immunity [4] . The multifunctional nature of this protein is also evident from its interactions with numerous host proteins [4] , occurring along the entire length of the surface exposed portion of M protein.
Most of the M protein sequence consists of heptad repeat motifs in which the first and fourth amino acids are typically hydrophobic, and are core stabilizing residues within the coiled coil [5] . Heterogeneity in the amino acid sequence of the N-terminal part of M protein, resulting in antigenic diversity, forms the basis of GAS serotyping which was used for many decades [ Although there is increasing interest in GAS vaccine development by global health authorities, including the World Health Organisation, a GAS vaccine remains unavailable.
Three M protein-based GAS vaccines are poised to enter, or are progressing through, human [15] , while the others consist of more highly conserved sequence from the C repeat region (CRR) [16] [17] [18] [19] . Given the clinical relevance of M protein in molecular epidemiology and GAS virulence, and its importance to vaccine development, a comprehensive unified view of M protein is needed. In this study we fill this knowledge gap by characterizing the complete surface-exposed portions of a large number of M proteins from strains recovered from geographical regions throughout the world. Table 1 ); the sequence of those particular emmtypes were obtained and described, but were not included in data analysis.
Materials and Methods

Study profile
Molecular typing
PCR amplification and sequencing of emm genes was performed as previously described [14] .
The alignment of the forward and reverse emm sequences was performed using the CodonCode Aligner® version 3.7 software with default parameters and were all manually checked. emm-type was determined by BLASTn analysis using the CDC emm-type database containing 223 emm-types [21] . After translation, the predicted amino acid sequences of all M proteins were trimmed from the first amino acid (AA) of the predicted mature protein to the first AA of the D repeat near the COOH-terminal end [14] . The size of mature M proteins (from the first NH2-terminal residue to the Thr of the LPXTG sortase motif) was calculated by adding 54 or 73 residues respectively to the sequence we obtained for the M proteins of patterns E or A-C and D, as described previously [4] . The emm pattern of at least one isolate of each of the 168 emm-types was experimentally determined following the PCR mapping methodology previously described [22] or deduced from previous publications [12, 14] .
Bioinformatics
Multiple alignments of trimmed amino acid sequences belonging to the same emm-types were performed using the MUSCLE algorithm with default parameters. The presence of repeat sequences was detected by using T-reks with 3 different percentage similarity (Psim) thresholds (1, 0.9, and 0.7) and extensive manual analysis [23] . M protein annotation and structure prediction was performed with Geneious® 5.6 for one representative of each emmtype.
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Statistical analysis
Two-tailed student's T-test were performed using Stata 12 software.
Results
Study population
The final dataset included 1086 GAS isolates representing 175 different emm-types recovered from 31 countries on six continents (Figure 1 ). Thus, this collection includes 78% of the emmtypes described to date [21] . Twenty percent of the 175 emm-types belong to emm pattern A-C, while the remaining are distributed evenly among patterns D and E (Table 1 ). The number of isolates examined per emm-type ranged from 1 to 25 (mean 6.5) (Table S1 ). Clinical manifestations were reported for 1019 isolates: invasive diseases (n=365; 35.8%), pharyngitis (n=338; 33.2%) and skin infections (n=233; 22.9%; includes impetigo, wound infections and other unspecified skin infections). The remainder were associated with oropharyngeal carriage (n=46; 4.5%), non-suppurative sequelae (n=13; 1.3%) and other types of infections (n=24; 2.4%).
Updated structural model of M proteins
The size of the predicted mature form of M protein was highly heterogeneous, ranging from 229 to 509 residues. Importantly, M protein length was highly correlated with emm pattern. M 
Sequence conservation within an emm-type
In order to examine sequence heterogeneity from isolates of the same emm-type originating from different geographic regions, we identified all emm-types recovered from at least five locations. 80 emm-types encompassing 900 isolates fulfilled this criterion (Table S3) . Sixtyfive (81%) emm-types showed intra-emm-type differences in the size of M-proteins (Table   S3 ). Within each emm-type, an average mean of 69% of isolates belonged to the most common size variant. The most prevalent size variant was used as the basis for comparison to other size variants within each emm-type. Comparisons of the 900 protein sequences revealed 408 insertions or deletions. Indels (i.e. insertions or deletions) were found in similar frequencies across all emm pattern groups (data not shown). As classically observed with coiled-coil proteins, 304 (75%) indels involved a sequence stretch that is a multiple of seven residues, and this heptad periodicity increases from the amino-to carboxy-terminal ends of the protein (Figure 3 ). These observations suggest that strong selective pressures preserve the coiled-coil structure at the carboxy-terminal end of M protein, whereas the amino-terminal extremity may better tolerate variation in its higher order structure.
M proteins assigned to the same emm-type are highly conserved across their surface exposed portions, despite differences in both geographical origins and clinical manifestations (Table   S1 and . The median pairwise identity is 99%. Only two M-types, emm14 (pattern A-C) and emm100 (pattern D) exhibit an average pairwise identity <90%. One or two isolates belonging to each of those two emm-types presented an atypical M protein sequence which was vastly different from the others (protein identity between atypical and typical variants ranging from 63 to 77%). Although many emm-types share highly homologous central regions spanning residue 51 to the CRR, it was extremely rare to find a given emm-type paired with multiple, highly divergent sub-N-terminal domains. Thus the emm-type of an M protein is largely predictive of the structure of the full-length protein, indicating that the emm-typing method is far more informative than previously appreciated.
M protein conserved vaccine epitopes
The highly conserved nature of the CRR signifies that CRR-based vaccines can potentially target a wide range of M proteins [16, 24] . One such vaccine candidate, J14, consists of 14 amino acid residues derived from CRR [17] . In this study, 42 J14 variants were identified, [26] . Many host proteins are bound to distinct regions or domains within M proteins. Therefore, the emm-typing system may be predictive of a unique array of biological functions for each emm-type.
In fungi, size variation generated by intragenic tandem repeats within surface protein genes allows for rapid adaptation to the environment and/or evasion of the host immune system [27] . In GAS, as previously described for M6 organisms [28] , size differences in M protein from different isolates is also a common feature, largely a result of differences in the number of sequence repeat units. The M6 protein size mutants display heterogeneity in their antigenic and opsonogenic epitopes [28] . Our data show that intra-emm-type size variation occurs for most emm-types, and it is evenly distributed across the three emm pattern groups (data not shown). The significant differences in M protein length observed between the three emm pattern groups, and the close uniformity of M protein length within each emm pattern group, have not been previously described. Combined with knowledge that the emm pattern groups are associated with different clinical manifestations [13] , it is tempting to speculate that M protein length underlies distinct functional attributes, perhaps related to a capacity to bind different subsets of host proteins. Future studies can assess whether M protein size is an attribute that impacts the virulence potential and clinical manifestations of GAS. pattern D, 45%; and pattern E, 84%) [15] . The underlying mechanism for cross protection against non-vaccine types is not yet understood. However, these data suggest that the emmtypes belonging to the different pattern groups might differ in their ability to induce crossprotective antibodies.
Another vaccine approach utilizes protective epitopes within the highly conserved CRR, and aims to confer broad protection against all GAS strains [19, 24] . This and other studies have shown that there are many variants of J14 sequences [17, 29] . Our current study confirms that virtually all C3 repeat units harbor J14.0 or J14.1 variants and that a small number of J14 variants are predominant within a global collection of isolates.
M protein size and structure are characteristic of the emm pattern group to which they belong.
The pattern classification, based on the content of emm gene forms and their chromosomal arrangement, was also recognized as a strong marker of preferred tissue sites of infection by GAS [13, 29, 30] . From this exhaustive study, we propose that three M proteins -M5, M80, M77 -belonging to the three emm pattern groups A-C, D and E, respectively, best represent the structures and possible host-pathogen interactions mediated by M proteins. This new model is likely to be a valuable tool for epidemiological, molecular and vaccine studies. 
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